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Abstract 
This paper presents selected results of experimental and computational analysis concerning the influence of changing stiffness 
characteristic of a semi-active tuned mass damper (STMD) onto the effectiveness of vibration reduction in a building’s model. 
The discussed STMD is installed in a laboratory model of three-storey building, which consist of aluminum plates and columns. 
The model's vibration are caused by kinematical excitation with using the earthquake simulator. The first three eigenfrequencies 
of the model, corresponding to the lateral eigenforms, are in the frequency range, which STMD can be tuned. This device is a 
harmonic oscillator with two movable spring elements and thanks to the change of their angle; it is possible to control the 
stiffness of STMD. Applied, original design solution of STMD allows tuning the vibration eliminator in the frequency range 
from 0.2Hz to 4.7Hz. 
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1. Introduction 
In the following paper the concept of a semi-active tuned mass damper (STMD) is presented, which theoretical 
model is a harmonic oscillator with a changeable position of spring elements (see Fig. 1). The change of spring 
element’s angle enables control of vibration eliminator’s stiffness. Thanks to that it is possible to tune the semi-
active tuned mass damper to any frequency from range of 0.2Hz to 4.7Hz. The first three eigenfrequencies of the 
model are included in the frequency range of the vibration eliminator. Then it is possible to reduce the first three 
resonant lateral vibration of the building’s model with the use of described STMD. 
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The main aim of the research is to determine the effectiveness level of the vibration eliminator in reducing the 
resonant vibration of building’s model caused by kinematical excitation. It is assumed that the excitation is in the 
form of one horizontal component of harmonic ground motion. 
The effectiveness of proposed structural solution of STMD in reducing lateral vibration of building’s model is 
verified by computational analysis and also experimental analysis is performed on the physical model with use of an 
earthquake simulator. 
Computational analysis is conducted with use of COSMOS/M system and Mathematica package. Based on the 
finite element method 3D numerical model of multi-degree of freedom system is created, which is then subjected to 
frequency and dynamic time-domain analysis. Effects of the numerical analysis are compared with measurements’ 
results. 
2. Building’s model and semi-active tuned mass damper description 
 
Fig. 1. Semi-active tuned mass damper – left hand side, building’s model with STMD – right hand side. 
 
Fig. 2. The semi-active tuned mass damper: a) angle Dof spring elements b) graph of stiffness function for D(t) = 0.2t [°]. 
The object of the research is the building’s model of a plate-column structure with STMD installed on the top 
storey. The main assumptions, material and geometrical features of the model are as follows: model consists of three 
recurrent storeys; height of the model H = 1.8 m (height of the storey hk= 0.60 m); plates and columns are made of 
aluminum (E = 70 GPa, Q = 0.35, U = 2700 kg/m3); thickness of the plates hp = 5 mm, shape of the plates is 
rectangular b×h = 0.70×0.90 m; the plates are deformable by bending and infinitely stiff in their planes; all columns 
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have a rectangular cross-section 3×40mm; the columns are arranged symmetrically, i.e. the 3 columns are placed in 
the longer sides of plates; columns are deformable by bending and are not deformable along the axis (EA = ); the 
columns are stiffly attached to the foundation (rigid body) and they are stiffly attached to the plates. 
The structural solution of STMD is a harmonic oscillator with spring elements, which change their position in 
time. Depending on the angle D = D(t), the STMD stiffness as a function of time is obtained (see fig. 2). Computer-
controlled stepping motor sets power screws in motion which causes divergence or convergence of mounting points 
of spring elements with the building’s model. Function of STMD stiffness dependent on the angle is described by 
formula (1), whereas stiffness function graph for linear time-function of angle D is shown in the Fig. 2b. 
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Fig. 3. The semi-active tuned mass damper –main elements 
The presented STMD consists of eliminator’s mass m = 2,3kg (it is 6% of the main modal mass of the model) – 
platform, which thanks to bearings placed in guide-bars, can move in one direction only (horizontal component); 
length of the guide-bars L = 0.45m; spring elements – own design shape enables to obtain frequencies of the STMD 
from the range of 0.2Hz to 4.7Hz; stepping motor – computer-controlled, enables to obtain maximum rate of the 
angle change equal to 5°/s; vibration eliminator is characterized by a critical damping ratio equal to 1%. 
3. Theoretical description of the problem 
3.1. Equation of motion of MDOF system subjected to kinematical excitation 
The vibration of multi-degree of freedom system caused by kinematical excitation is described by the well-
known formula [1, 2] 
           tttttt zKzCzBqKqCqB qzqzqzqqqqqq     (2) 
where: B, C, K are inertia, damping and stiffness matrix respectively, q(t) is a vector of generalized coordinates, z(t) 
is a displacements vector of kinematical excitation. 
Because in the building’s model STMD, which stiffness change in time according to formula (1) is installed, the 
dynamical system (model-eliminator) equation ultimately takes the form: 
               tttttttt zKzCzBqKqCqB qzqzqzqqqqqq     (3) 
In equation (3) apart from the time-dependent stiffness matrix Kqq(t) a time dependent damping matrix Cqq(t) also 
appears, because the constant level of critical damping ratio (1%) forces us to take under consideration the covert 
damping bond of the harmonic oscillator calculated according to formula [1]: 
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where: De – critical damping ratio, me, ke(t) – mass and stiffness of STMD. 
3.2. Transfer function estimation of STMD effectiveness 
Transfer function is defined as a ratio between Laplace transform of output and input signal with zero initial 
conditions. Due to substitution of the Laplace transform variable s = i Z one can obtain transfer function in 
frequency domain: 
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  (5) 
In the dynamical system presented and analysed in this work it is necessary to assume that Y(iZ) is a Laplace 
transform of dynamic response (i.e. displacement) in the place and direction of generalized coordinate of interest 
(i.e. place of maximum displacement). On the other hand U(iZ is a Laplace transform of the function, which 
describes kinematical excitation of dynamical system (building’s model). The effectiveness of STMD in reduction 
of vibration can be defined as the ratio of transfer functions determined in two cases: for building’s model with 
STMD turned off – Goff, for building’s model with STMD turned on – Gon. 
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4. Comparison of the numerical and experimental analysis results 
4.1. Frequency analysis of building’s model with STMD 
Frequency analysis is conducted for the building’s model with STMD blocked in zero position (angle D = 0 - see 
Fig. 2). Experimental modal characteristics are determined by classical modal analysis method [4] whereas the 
numerical analysis is carried out with use of COSMOS/M system (ASTAR module). During the calculations gravity 
load is taken into account in order to identify natural frequency and modes. In table 1 analysis results are presented. 
Table 1. Statement of eigenfrequencies of the building’s model with STMD blocked. 
Number of 
eigenform 
Eigenfrequency [Hz] 
experimental analysis 
Eigenfrequency [Hz] 
numerical analysis 
Critical damping 
ratio 
1 0.60 0.59 0.428 
2 2.38 2.34 0.265 
3 3.93 3.96 0.326 
4.2. The resonant vibration of building’s model caused by kinematical excitation –tuning the vibration eliminator 
Tuning the STMD consists of conducting the measurements of model’s resonant vibration, kinematically excited 
by horizontal harmonic motion of the base. During the measurements, the angle of STMD spring elements is 
subjected to change from position zero up to 90° according to linear time-function D(t) = 0.2t. It means that the rate 
of change of the angle is fixed and equals to 0.2°/s. On the graphs presented in Fig.4 there are marked abscissas, 
which correspond to the positions of vibration eliminator tuned to eigenfrequencies of the model. Angles of the 
spring elements equal respectively: 6.8° – frequency 0.59Hz, 28° – frequency 2.34Hz, 51.7° – frequency 3.96Hz. 
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Fig. 4. Dynamic response of building’s model to resonant excitation with frequency: a) 0.59Hz, b) 2.34Hz, c) 3.96Hz.  
red colour – experimental analysis, blue colour – numerical analysis. 
 
Fig. 5. Dynamic response of building’s model with STMD during resonant excitation with frequency: a) 0.59Hz, b) 2.34Hz, c) 3.96Hz, 
 left side – experimental analysis, right side – numerical analysis, blue and red colour – STMD off, black colour – STMD tuned. 
4.3. Kinematical resonant excitation of building’s model with tuned vibration eliminator 
After determining the position of STMD spring elements, for which the device is tuned to the eigenfrequencies of 
the model, a series of measurements is conducted with vibration eliminator blocked. It means that equation of 
motion (3) has no time-dependent coefficients and stationary vibration is considered. In the first phase of the 
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measurements spring elements are blocked in zero position (D= 0°), whereas the moveable eliminator’s mass is 
stiffly connected to the building’s model. Then the model’s vibration are excited kinematically in a harmonic 
manner with amplitude 2 mm and the frequencies respectively f1 = 0.59Hz, f2 = 2.34Hz, f3 = 3.96Hz. In this way the 
dynamic response of the system unprotected against excessive vibration is obtained (see fig. 6 colour red and blue). 
In the following phases of the experiment the vibration eliminator was blocked in the respective positions: 
D = 6.8°, D = 28°, D = 51.7°, which corresponded to the consecutive resonant states of the system. Harmonic 
kinematic excitation is repeated, thus enabling to obtain the dynamic response of the model in resonant states in 
cases when the system is protected against excessive vibration – tuned STMD. Comparison of the building’s model 
vibration is shown in the graphs presented in Fig. 6. 
5. Summary and final conclusions 
The effectiveness of semi-active tuned mass damper is estimated on the basis of experimental and numerical 
analysis. Transfer functions are determined for the building’s model with STMD off and on. Correctly working 
device is tuned to the selected resonant frequencies of the main system. 
 
 
Fig. 6. Transfer functions in frequency domain. Areas of frequency: a) first - 0.59Hz. b) second - 2.34Hz. c) third - 3.96Hz. Red colour – STMD 
on and tuned, blue colour STMD blocked in zero position. 
In Fig.6 graphs for three main resonant frequencies are shown. On the basis of transfer functions, according to the 
relation (6) the following levels of effectiveness of STMD are achieved: the first frequency resonance – 96%; the 
second frequency resonance – 94%; the third frequency resonance – 73%. 
Selected results of numerical and experimental analysis presented in this work indicate very high effectiveness of 
STMD in reducing the vibration of the plate-column structure. The influence of the stiffness change of the vibration 
eliminator during resonant excitations is shown on graphs presented in Fig. 4. Both types of analysis confirm the 
three key positions of the eliminator’s spring elements in which the device is tuned to resonant frequency of the 
main system. Numerical analysis indicates bigger sensitivity to change of stiffness characteristics than in the real 
experiment (see Fig. 4). Despite this fact the convergence of the obtained computational results with measurements 
conducted on the physical model is satisfactory and may imply the correct way of choosing the numerical model. 
The compliance in the amplitudes levels and vibration course in all of the resonant states is obtained. 
References 
[1] J. Langer, Structural dynamics, 1st Ed., Publishing House of Wrocáaw University of Technology, Wrocáaw, 1980, [in Polish].  
[2] P. ĝniady, Fundamentals of stochastic dynamics of structures, 1st Ed., Publishing House of Wrocáaw University of Technology, Wrocáaw, 
2000, [in Polish]. 
[3] B. A. Shenoi, Introduction to digital signal processing and filter design. Published by John Wiley & Sons, Inc., Hoboken, New Jersey, 2006. 
[4] Z. Wójcicki, J. Grosel, W. Sawicki, Experimental dynamic investigation of structures, DWe, Wrocáaw, 2014, [in Polish]. 
